ABSTRACT: The dynamics of bimolecular photoinduced electron-transfer reactions has been investigated with three donor/acceptor (D/A) pairs in tetrahydrofuran (THF) and acetonitrile (ACN) using a combination of ultrafast spectroscopic techniques, including time-resolved infrared absorption. For the D/A pairs with the highest driving force of electron transfer, all transient spectroscopic features can be unambiguously assigned to the excited reactant and the ionic products. For the pair with the lowest driving force, three additional transient infrared bands, more intense in THF than in ACN, with a time dependence that differs from those of the other bands are observed. From their frequency and solvent dependence, these bands can be assigned to an exciplex. Moreover, polarization-resolved measurements point to a relatively well-defined mutual orientation of the constituents and to a slower reorientational time compared to those of the individual reactants. Thanks to the minimal overlap of the infrared signature of all transient species in THF, a detailed reaction scheme including the relevant kinetic and thermodynamic parameters could be deduced for this pair. This analysis reveals that the formation and recombination of the ion pair occur almost exclusively via the exciplex.
■ INTRODUCTION
Since the availability of ultrashort pulses in many regions of the electromagnetic spectrum, the dynamics of photochemical processes can be monitored with an unprecedented precision. Among these processes, photoinduced electron-transfer reactions are most probably the most investigated. 1−12 A large variety of species, namely exciplexes, tight/contact, loose/ solvent-separated ion pairs (TIP/CIP and LIP/SSIP) have been suggested as possible intermediates in bimolecular photoinduced charge separation (CS) reactions, depending on the environment and driving force (Figure 1 ). 13−18 So far, most of the ultrafast spectroscopic investigations on bimolecular photoinduced CS have been performed using transient electronic absorption spectroscopy. Whereas very powerful to distinguish molecules in different electronic states, this technique does not allow the above-mentioned intermediates to be properly differentiated. On the other hand, transient vibrational spectroscopy has proven to enable distinction between ion pairs and free ions as well as between TIPs and LIPs. 19, 20 This strength arises from the relatively large number of bands observable in a transient vibrational spectrum, the narrow width of these bands, and the high sensitivity of the vibrational frequencies to changes of the electronic distribution in the molecule. 21 For example, the CN stretching frequencies in TIPs and LIPs, formed upon CS between perylene in the S 1 state and tetracyanoethylene, were found to differ by 5 cm −1 . 20 Another recent study on adenine-thymine heterodimers further illustrates the strength of transient IR absorption spectroscopy to detect charge-transfer excited states. 22 To the best of our knowledge, exciplexes, which are omnipresent in photochemistry, have not been studied so far using transient IR absorption spectroscopy. Exciplexes appear as intermediates in intra-23−26 and intermolecular photoinduced CS in solution, 27−31 in organic semiconductors for photovoltaics 32−38 or light emitting diodes (OLEDs), 39−44 in DNA, 22,45−47 in photosynthetic reaction centers, 48 and in various organic photochemical reactions. 49−51 Theoretically, exciplexes can be described by a linear combination of locally excited (LE) reactants and ion pair (IP) wave functions with weighting coefficients that depend on the redox properties of the constituents and the polarity of the environment. They are the predominant product of electron-transfer fluorescence quenching in non-polar media, liquids as well as polymers. 27, 52, 53 As such, they can be considered as the product of an incomplete CS. In highly polar media, they have only been reported with weak donor/acceptor (D/A) pairs, i.e., for which the CS driving force, −ΔG CS , is below ca. 0.5 eV. 28, 54, 55 In such polar environments, quenching generally results in the direct formation of ion pairs, TIPs and/or LIPs (Figure 1) . In medium polarity media, exciplexes coexist with ion pairs. However, their exact role, i.e., intermediates on the way to the ion pairs or parallel quenching product, has been highly debated 13, 56, 57 and is still being investigated. Such knowledge is crucial not only for our understanding of bimolecular photoinduced processes but also for potential applications such as organic solid-state photovoltaic devices, where the photoinduced CS occurs in a weakly polar environment and the diffusion of the excited reactants and the ionic product is replaced by the hopping of the excitation energy and the electric charges. 58−63 Exciplexes have been mostly identified by their emission, which is, in the most favorable cases, spectrally well separated from the LE fluorescence.
14,52,64 However, as this transition is characterized by a substantial charge-transfer character, its oscillator strength is generally much smaller than that of the LE emission, making its observation by ultrafast fluorescence techniques very challenging. Moreover, in many cases, the exciplex and LE fluorescence bands overlap, and therefore the extraction of species-associated data is difficult and often indirect. The combination of emission and magnetic field, which has been shown to be very powerful for the understanding of the role of exciplexes, suffers from similar problems. 65, 66 The involvement of exciplexes has also been inferred from transient electronic absorption spectroscopy experiments. In those cases however, the spectral features of the exciplex were very similar to those of the ions or charge-separated state, and the assignment of the transient to an exciplex was mostly based on other considerations such as its dynamics, the nature of the environment, or the detection of a characteristic emission. 26,67−69 We present here our investigation, using transient IR absorption spectroscopy, of the dynamics of bimolecular photoinduced CS reaction with three D/A pairs, characterized by a small ΔG CS , in a highly polar solvent, acetonitrile (ACN), and a medium polar solvent, tetrahydrofuran (THF) (Chart 1). Vibrational bands in the mid-IR that are distinct by their frequency and time evolution from those of the LE and IP states are observed and assigned to an exciplex. A detailed analysis of the transient IR absorption spectra reveals that in THF, this exciplex is not a quenching side product but a key intermediate for the formation and decay of the ion pair. Additionally, original structural information on the exciplex deduced from polarization-resolved measurements is described.
■ RESULTS AND DISCUSSION
The D/A pairs selected for this investigation consist of the weak electron donors 9-cyanoanthracene (CA), 3-cyanoperylene (CNPE), or 3-methylperylene (MEPE) that also act as chromophores and of phthalic anhydride (PA) as acceptor (Chart 1). These pairs allow a variation of the CS driving force, −ΔG CS , from weak to moderate (Table 1 ) and have good IR marker modes, such as the CN, CO, and CC stretching vibrations, on both D and A.
Fluorescence. Addition of PA to solutions of the donors in ACN and THF leads to a substantial decrease of the fluorescence intensity. For CA and CNPE in THF, this effect is accompanied by a small change in the emission band shape, that is due to an exciplex, whose emission spectrum overlaps with that of the LE fluorescence. Polynomial analysis of the emission band shape with and without PA allowed extracting the exciplex spectra shown in Figure 2 . The overlap of the exciplex and LE emission agrees with the weak CS driving force (Table 1) .
The quenching rate constants have been determined from a Stern−Volmer analysis of the decrease of the stationary fluorescence intensity upon addition of PA ( Figure S1 ). For CA and CNPE, quenching by PA in THF is about 10 times slower than diffusion, while it is of the same order of magnitude in ACN. For MEPE, quenching is diffusion limited in both solvents (Table S1 ). Consequently, the quenching dynamics of CA and CNPE in THF can be expected to be exponential and mostly devoid of the complications arising from the static and the transient effects, 76−78 as also supported by the linearity of their Stern−Volmer plots. Despite this, the fluorescence decays of CA and CNPE are only exponential at quencher concentrations below ca. 0.1 M. Above this value, they can be reproduced with the sum of two exponential functions with a main decay component that becomes faster with increasing PA concentration and a weaker one of the order of 1 ns with a relative amplitude that increases with PA concentration ( Figure  S2 ). As will be shown below, this behavior arises from an equilibrium between the LE reactants and the exciplex. However, as evidenced below, the overall reaction scheme is too complex for these fluorescence decays to be analyzed with the Birks' excimer model, 79 as usually done. 80 The fluorescence decay of MEPE accelerates with increasing PA concentration as 
CA
•+ . The radical cation bands can be better seen with both CNPE
•+ and MEPE •+ at 550 nm ( Figure S3 ). The radical anion PA
•− cannot be observed because its absorption band in the 410−420 nm region is hidden by the bleach of the S 1 ←S 0 absorption. 81 None of the transient electronic absorption spectra measured here exhibits any feature that could be ascribed to an exciplex.
Transient Vibrational Absorption. Transient absorption experiments were then performed in the mid-IR region, some of the spectra obtained with CA/PA in THF in the 1500−1750 cm −1 window being shown in Figure 4A . The transient spectra are initially dominated by two bands around 1540−1550 cm −1 , whose decay is accompanied by the rise of six new bands, that reach a maximum intensity at about 500 ps before starting to decrease on a longer time scale. To assign these transient bands to a given species/state and vibrational mode, the same measurements were performed with dicyanoethylene (DCE) as quencher instead of PA. Neither DCE nor DCE
•− have vibrational modes in this frequency region, 75 allowing the identification from the spectra at short time delays of [−CC]* ring vibrations of CA* at 1543 and 1557 cm −1 ( Figure 4B ). These bands decrease with time as quenching takes place and two news band at 1532 and 1579 cm −1 rise, which can be ascribed to [−CC]
•+ ring vibrations of CA •+ . Additionally, the two negative ground-state bleach features at 1519 and 1627 cm −1 can be assigned to [−CC] ring vibrations of CA. Similar measurements with MEPE instead of CA allowed identification of PA
•− bands at ca. 1520, 1620, and 1735 cm −1 ( Figure 4C ). These frequencies coincide very well with those obtained from DFT calculations using the B3LYP functional and 6-31G(d) basis set, without any scaling factor ( Figure 4D ). The 1520 cm −1 band can thus be assigned to a [−CC]
•− aromatic ring vibration, whereas those at 1620 and 1735 cm −1 can be interpreted as the antisymmetric and , respectively. Calculations for the neutral PA predict the frequencies of these modes to be above 1760 cm −1 ( Figure S5 ). These large frequency down shifts upon reduction of PA illustrate the high sensitivity of the vibrational frequencies to variations of electronic density.
Two bands in the transient spectrum measured with CA/PA, a prominent one around 1682 cm −1 and a weak one at ∼1552 cm −1
, still remain to be interpreted. We assign them to the exciplex, (CA δ+ /PA δ− )*, whose presence was already concluded from the fluorescence. Because CS is incomplete in an exciplex, the vibration frequencies can be expected to lie between those of the neutral ground-state reactants, CA/PA, and those of the ions, CA
•+ /PA The assignment to an exciplex is strengthened by the dependence of these bands on the solvent polarity. The •+ stretching mode obtained from the quantum chemical calculations ( Figure S6 ).
In THF, the early spectra resemble those in ACN, but the decay of the [-CN]* band is accompanied by the appearance of a broad band in the 2160−2200 cm −1 region. After ca. 300 ps, its intensity decreases slightly but less than that of the [-CN]* band. Such band is also present but hardly visible with CNPE in THF ( Figure S7 ). It is ascribed to the exciplex and originates from its other constituent, namely from CA •+ to make its absorption visible. The same measurements were repeated with 0.2 M PA instead of 1 M, and the resulting spectra are basically identical ( Figure S8 ), although their time evolution is slower, as expected.
Apart from these exciplex bands, Figure 5 also reveals that the shape and position of the PA
•− bands depend somewhat on donor and solvent. For example, the width of the [−CO]
•− stretching band at 1620 cm −1 changes with time, especially with CNPE and MEPE in THF ( Figure 5D,F) . We suggest that this is due to the presence of ion pairs with different mutual orientations/distances such as tight (TIPs) and loose ion pairs (LIPs). 20, 82 The electronic density on PA
•− , thus the vibrational frequency, depends on the electronic coupling between the ionic constituents. TIPs are predominantly formed at early time through static quenching, whereas LIPs are generated later via diffusion. 83 This time dependence is less pronounced in ACN, most probably because of the higher solvent polarity. These relatively small effects will not be discussed further here but will be addressed elsewhere; the main scope of the present report being the exciplex bands.
The exciplex bands, best seen with (CA δ+ /PA δ− )* in THF, are substantially broader than those of the ions. This most probably arises from fluctuations, during the lifetime of the exciplex, of the distance or the mutual orientation of the constituents, hence of the electronic coupling and the vibrational frequency. As will be shown below, the lifetime of the exciplex is substantially longer than the time scale of reorientational motion. If the geometry of the exciplex remained constant during its lifetime, a distribution of geometries would lead to an inhomogeneous broadening of the band. In such case, one could expect to observe changes in the band shape with time, as it would be very improbable that exciplexes with different geometry have exactly the same lifetime. As this is not the case, a fluctuation of the mutual orientation can be assumed, in agreement with the polarization anisotropy measurements described below.
Kinetics and Reaction Scheme. We now concentrate on the time evolution of the transient IR spectra, in particular those measured with the CA/PA pair in THF, where the exciplex band is the most prominent ( Figures 5B and 6B ). , as expected, and is thus not shown. The following observations can be done: (1) the decay of the CA* band is biphasic with the slow component similar to the decay of the exciplex and ion bands; (2) the rise of the exciplex band is substantially faster than that of the ion band; and (3) the ground-state recovery occurs on a similar time scale as the decay of the exciplex and ions bands.
Observation 1 points to the existence of an equilibrium between the LE reactants and the exciplex and/or the ion pair populations, as already anticipated from the time-resolved fluorescence results. From 2, one can conclude that exciplex and ion pair are not exclusively formed directly from the LE reactants via two competing quenching processes. If this were the case, the rise times of both bands should be identical. Finally, 3 indicates that neither the exciplex nor the ion pair dissociate into free ions, which are long-lived. As a comparison, in ACN, the ground-state population does not recover within the time window of the experiment (Figure 6A ), indicating that most ion pairs dissociate into free ions, that eventually recombine on the microsecond time scale. 84 More quantitative information was obtained from a global target analysis of these time profiles (see Supporting Information for details). The most simple reaction scheme able to satisfactorily reproduce the experimental data is shown in Scheme 1, together with the time constants. It appears that most of the ion pair population is generated reversibly from the exciplex, which is itself in equilibrium with the LE reactants population. Moreover, the ground-state population recovers through the decay of the exciplex only. The agreement between the calculated and measured time profiles is not perfect as shown in Figure 7 , but can be considered as very good in view of the relative crudeness of the model. The strongest discrepancy, that can be observed in the rise of the exciplex and ion pair populations, can most probably be accounted for by the assumption that the static and transient stages of the quenching can be totally neglected. Whereas this is probably true at low quencher concentrations, this assumption may no longer fully holds at 1 M PA. However, differential encounter theory, which has been successfully used to account for such non-Markovian effects, 85, 86 cannot be applied to describe reversible processes as it is the case here. Introducing nonMarkovian effects in the reaction Scheme 1 would require integral encounter theory, 87 which is far beyond the scope of this investigation.
Further confirmation of the validity of this scheme was obtained by repeating the global analysis with the entire transient spectra in the 1500−1750 cm −1 and 2100−2220 cm −1 windows using the time constants shown in Scheme 1 as fixed parameters, in order to obtain the difference absorption spectra of each individual species. The resulting species-associated difference spectra (SADS) are shown in Figure 8 . The SADS found for the LE reactants and the ions are in good agreement with the experimental transient spectra ( Figures 4B,C and 6) . Indeed, the spectrum of the ion pair is perfectly reproduced in It should be noted that fits of similar quality as that shown in Figure 7 could also be obtained with other schemes ( Figure  S9 ). However, the resulting time constants yielded SADS combining spectral features belonging to different species, as shown in Figure S9 . Therefore, these alternative schemes were discarded.
According to Scheme 1, the equilibrium constant between the LE reactant, CA*/PA, and the exciplex amounts to 1.4, whereas that between the exciplex and the ion pair is slightly below unity, i.e., 0.9. From these equilibrium constants, both the free enthalpy for exciplex formation, ΔG EX , and that for exciplex dissociation into an ion pair, ΔG IP , appear to be very small, i.e., −9 and 3 meV, respectively. The latter value is consistent with those obtained for other exciplexes using timeresolved fluorescence measurements. 88 The free enthalpy for CS, ΔG CS = ΔG EX + ΔG IP , is thus close to zero. This agrees very well with the CS driving force in THF estimated from the Weller equation (Table 1) . Accordingly, the LE reactants and the ion pair should also be in equilibrium. However, the time constant for the back reaction from the ion pair to the LE reactants is predicted to be too large, i.e., 1.6 ns, for this process to contribute significantly to the dynamics measured in the 0− 1.8 ns time window.
Finally, Scheme 1 reveals that the direct charge recombination (CR) of the ions pair is not operative with CA/PA in THF. Because of its large driving force, −ΔG CR = E 00 + ΔG CS ≃ 2.9 eV, CR should occur in the deep inverted region and thus be slow. 73, 89, 90 Moreover, electronic coupling within the ion pair can be expected to be substantially smaller than in the exciplex, and therefore, CR should be substantially slower than the decay of the exciplex. As a consequence, this process is not sufficiently fast to significantly influence the ion pair dynamics.
In ACN, a similar global analysis could not be performed reliably because of the relative weakness of the exciplex bands and their overlap with more intense bands due to other populations. However, the relative intensity of the IR bands points to the ion pair as the dominant quenching product. The absence of ground-state recovery together with the complete decay of the exciplex bands within the time window of the experiment reveal that the exciplex is converted into an ion pair, which itself separates into free ions.
These results are consistent with those from previous investigations based on fluorescence and obtained from an elaborate analysis of the magnetic field effect on the exciplex fluorescence 18, 66 or from detailed measurements of the fluorescence lifetime and quantum yield of exciplexes in various solvents. 28, 88 In those cases however, the exciplex and LE fluorescence had to be well separated. Moreover, none of these two approaches allows the simultaneous observation of all populations involved in the reaction and the extraction of all relevant time constants, as achieved here.
Mutual Orientation. Further information on the exciplex was obtained from the polarization anisotropy, r, of the transient IR bands:
where ΔA ∥ and ΔA ⊥ are the transient absorbance measured with the IR probe light polarized parallel and perpendicular, respectively, relative to the polarization of the 400 nm pump light. 91 The initial anisotropy, r 0 , before its decay by reorientational motion, depends on the angle β between the probed vibrational transition dipole moment, μ⃗ vib , and the electronic transition dipole moment associated with the 400 nm excitation, μ⃗ el ( Figure 9 ):
As a test, the r 0 values of the CN stretching band of CA* and CA in both ACN and THF were found to be close to 0.4 ( Figure S10 and Table 2 ), as expected for parallel μ⃗ vib and μ⃗ el . Similar measurements were performed with the exciplex band ascribed to the antisymmetric CO stretching of PA δ− , with μ⃗ vib oriented perpendicularly to the molecular axis (green arrow in Figure 9 ). In both solvents, an initial anisotropy of −0.08 ± 0.01 was found (Figure 10 ), the limits of error being estimated from the results of several measurements. If the mutual orientation of the constituents in the exciplex was unique, eq 2 could be used as such to determine the angle β. 92 However, temporal fluctuations of this angle are expected as discussed above. Assuming a Gaussian distribution of β centered at 90°a nd a sandwich-like mutual orientation of the exciplex constituents, a r 0 value of −0.08 is obtained with a width of 40°. Of course, other β values cannot be excluded, but some, i.e., a β centered around 0°, can be clearly eliminated. Similarly, a random β with the two constituents in a sandwich-like geometry can also be excluded as it would yield a r 0 value of 0.1. Knowledge of the initial anisotropy of the symmetric CO stretching of PA δ− would allow more precise conclusion on the exciplex structure, but, as discussed above, this band cannot be observed. The anisotropy decay time, τ r , of the exciplex band amounts to 25 ps in ACN and 31 ps in THF and is about three times as long as those measured with CA in both ground and excited states in the absence of PA (Table 2 ). An increase of the viscosity of the solution due to the presence of quencher cannot account for this effect, as illustrated in Table 2 , as a difference of a factor two is still observed upon addition of 1 M PA. The slowing down of the anisotropy decay observed in all cases by going from ACN to THF can be well accounted for by the larger viscosity of THF compared with ACN (Chart 1). The τ r value measured with the exciplex band reveals that the hydrodynamic volume of the PA δ− constituent is about twice as large as that of CA. This is possible if the reorientation of PA δ− involves the concerted motion of the other constituent, CA δ+ . Therefore, this longer anisotropy decay time can be assigned to the reorientation of the whole exciplex, whose hydrodynamic volume does not only depend on the molecular volume itself but also on the shape of the exciplex and on its interaction with the solvent. As a consequence, the increase of τ r by a factor two, by going from CA to the exciplex, can be easily justified.
■ CONCLUSIONS AND OUTLOOK
This investigation demonstrates the strength of transient IR absorption spectroscopy for investigating the mechanism of bimolecular photoinduced electron-transfer reactions, as it allows intermediates with very similar electronic absorption spectra, such as exciplexes and ion pairs, to be distinguished. In the case of the CA/PA pair, we could thus show that in a medium polarity solvent, like THF, ion pairs are almost exclusively generated upon dissociation of the exciplex and that their recombination also occurs with the exciplex as intermediate. Furthermore, thermodynamic parameters, such as the driving forces for exciplex formation, could be estimated experimentally. The approach presented here is thus much more direct than those based on fluorescence, as it allows simultaneous observation of all species and not only of those exhibiting emission. Our data also evidence the existence of preferential mutual orientations of the donor and acceptor units in the exciplex. Moreover, the two units are sufficiently coupled to have their reorientational motion correlated.
Similar measurements with other donor−acceptor pairs and solvents are required to obtain a more comprehensive understanding of the structure and role of the exciplexes in photoinduced electron-transfer reactions. Extension to twodimensional IR spectroscopy will yield even deeper insight into the structure of the exciplexes. 
